Background: Non-small cell lung cancer (NSCLC) is a major cause of cancerrelated mortality and is frequently accompanied by metastasis. The crucial roles of genes in lung cancer have attracted attention. Thus, this study aimed to investigate the effects of RAD51AP1 on the epithelial-mesenchymal transition (EMT) and metastasis of NSCLC. Methods: The positive expression rate of the RAD51AP1 protein was examined. NSCLC cells were transfected with a series of plasmids to alter the expression of RAD51AP1 to clarify the influence of RAD51AP1 on EMT and metastasis in NSCLC, as well as NSCLC cell migration, invasion, apoptosis, proliferation, and cloning. An in vivo experiment was conducted to determine the oncogenicity of human NSCLC cells in nude mice. Results: RAD51AP1 was highly expressed in NSCLC tissues. Furthermore, we found promotion of N-cadherin, vimentin, fibronectin, MMP-2, OPN, CD62, and TMP-2, but inhibition of E-cadherin, occludin, cytokeratin in the context of elevated RAD51AP1 expression. An in vivo experiment also confirmed that silencing of RAD51AP1 could inhibit NSCLC tumor formation and growth. Conclusion: Our results revealed that RAD51AP1 silencing suppressed the EMT and metastasis of NSCLC, thereby highlighting its potential as a promising novel target for NSCLC treatment.
Introduction
Lung cancer currently ranks as the leading cause of cancerrelated mortality in men and the second leading cause in women throughout the world, with variations in its incidence and trends, including gender, age, and race. 1 Nonsmall cell lung cancer (NSCLC), presenting primarily as squamous cell carcinoma and non-squamous carcinoma, accounts for approximately 85% of all lung cancer diagnoses. 2 Various intrinsic factors, such as distant metastasis, lymph node metastasis, large tumors, and squamous cell carcinoma, facilitate the poor survival of NSCLC. 3 Epithelial-mesenchymal transition (EMT) is thought to be associated with cancer initiation and leads to the metastasis of cancer cells. 4 Metastasis is a major cause of cancerrelated mortality. 5 Furthermore, EMT is reported to participate in drug resistance and metastasis in lung cancer and the inhibition of EMT exerts suppressive effects on lung cancer cell invasion in vitro. 6 Thus, a better understanding of the molecular mechanisms of the EMT and metastasis of NSCLC and an exploration of novel therapeutic and diagnostic targets for NSCLC treatment is required.
A former study highlighted the potential of targeting RAD51 as a new and effective therapeutic strategy for NSCLC. 7 RAD51AP1 is a DNA-binding protein that could stimulate the activity of RAD51, which plays an important role in RAD51-mediated homologous recombination. 8 Existing literature has revealed that RAD51AP1 is highly expressed in ovarian and lung cancers, and silencing RAD51AP1 has an inhibitory effect on ovarian and lung cancer cell proliferation in vitro through RNA interference. 9 A strong association has been reported between elevated RAD51AP1 and poor prognosis and overall survival of patients with lung adenocarcinoma. 10 RAD51AP1 is dysregulated in tumor samples and thus may represent a novel marker for hepatitis C virus-mediated hepatocarcinogenesis. 11 Moreover, studies have related the involvement of RAD51AP1 to cell proliferation and DNA repair in intrahepatic cholangiocarcinoma. Silencing of RAD51AP1 contributes to the suppression of cholangiocarcinoma cell growth. 12 Based on the results of these previous studies, we hypothesized that RAD51AP1 may affect NSCLC development. This study was designed to test this hypothesis in order to offer insights into the underlying molecular mechanisms in NSCLC progression, thus providing more effective therapy strategies for NSCLC patients.
Methods Ethics statement
The Ningxia Medical University General Hospital Scientific Research Ethics Committee approved this study, which was conducted in strict accordance with the Declaration of Helsinki. All participating patients signed written informed consent. All animal experiments were conducted under the approval of the Ningxia Medical University General Hospital Scientific Research Ethics Committee (No. 201805002). Significant measures were taken to minimize animal suffering.
Microarray analysis
The Gene Expression Omnibus (GEO) database (https:// www.ncbi.nlm.nih.gov/geo/) was used to retrieve NSCLCrelated microarray datasets, from which GSE19188, GSE101929, GSE33532, and GSE74706 were selected and used for the screening of differentially expressed genes (DEGs). Table 1 illustrates the detailed information of microarray datasets. The affy package from R language was adopted for background correction and standardization of microarray data, 13 while the limma package was employed to screen DEGs with a screening threshold of |log2FolfChange| > 2.0 and adj.p.Val < 0.05.
14 Incorporating this data, the heat maps of DEGs were drawn. Calculate and draw custom Venn diagrams (http://bioinformatics. psb.ugent.be/webtools/Venn/), a tool for online Venn analysis, was employed to compare DEGs in the four microarray datasets. The STRING database (https://string-db.org/) served as a source for information related to protein interaction. 15 Cytoscape 3.6.0 software was used to obtain the interaction information of DEGs. 16 A protein-protein interaction (PPI) network (combined score > 0.4) was then constructed. Finally, the relationship between DEGs and NSCLC was explored via Chilibot (http://www.chilibot.net/ index.html), 17 after which a relationship network was constructed.
Study subjects
A total of 91 wax block specimens were obtained from patients (56 men, 35 women, aged 25-83 years) who had previously undergone surgical resection for lung cancer at the Department of Pathology, General Hospital of Ningxia Medical University between 2016 and 2017. Adjacent normal lung tissues were taken as controls. None of the patients had been administered chemoradiotherapy before undergoing surgery. Among the 91 NSCLC patients, 49 had lung squamous cell carcinoma, 35 had lung adenocarcinoma, and the remaining seven patients were classified with other types of cancer. There were 38 cases of lymph node metastasis (N2) and 53 cases of non-lymph node metastasis (N0-N1). Fifty-one patients were confirmed at stage I + II and 40 patients at stage III according to the seventh edition 2009 International Association for the Study of Lung Cancer (IASLC) staging criteria. All specimens were surgically resected from hospitalized patients with complete clinical information and follow-up data, and pathologically confirmed as NSCLC. Tissue classification was conducted based on World Health Organization tumor classification criteria.
Immunohistochemistry
Paraffin-embedded specimens were sliced into 4 μm serial sections. Sections were baked at 60 C for one hour, dewaxed using xylene, dehydrated using gradient alcohol, and treated with antigen retrieval under high pressure for 1-3 minutes. Subsequently, 10% normal goat serum blocking solution was added to the sections (Beijing ComWin Biotech Co., Ltd., Beijing, China) at room temperature for 20 minutes, and then incubated with the rabbit anti-mouse STAT3 monoclonal antibody (1:100, bsm-33223M, Beijing Bioss Biotechnology Co., Ltd., Beijing, China) overnight at 4 C. The sections were then incubated at 37 C for 30 minutes with the secondary antibody, biotinylated goat anti-rabbit immunoglobulin G (IgG; 1:1000, ab6789, Abcam, Inc., Cambridge, MA, USA). Streptomycin avidinperoxidase solution was then added to the sections (Beijing Zhongshan Biotechnology Co., Ltd., Beijing, China), and reacted at 37 C for 20 minutes. The procedure regimens used were followed in accordance with a previous study. 18 Five high-power visual fields were randomly selected in each section, subsequently followed by measurement of the positive staining area, the rate of positive staining in the total area, and the average integral optical density (OD) or average intensity. Normal serum was used as negative control instead of the primary antibody, while the known positive sections were used as positive controls. RAD51AP1 was mainly stained at the nucleus. Second-level scoring was adopted for evaluation. First, the staining intensity was scored as 0, 1, 2, 3 or 4 points. The positive rate was then scored as: 0 point, no staining; 1 point, 1-25%; and 2 points, 26-50%. Finally, the sections were divided into low (< 8 points) and high (≥ 8 points) expression. A double-blind method was adopted to analyze the results, and professional pathologists independently read the sections.
Cell transfection
NSCLC cell lines A549 (human lung adenocarcinoma) and H520 (human lung squamous cell carcinoma) from the American Type Culture Collection (ATCC, Rockville, MD, USA) were subjected to culture in RPMI 1640 medium (HyClone, Logan, Utah, USA) containing 10% fetal bovine serum, 100 U/mL penicillin, and 100 U/mL streptomycin in an incubator (Thermo Fisher Scientific Inc., Waltham, MA, USA) at 37 C with 5% CO 2 and saturated humidity for 24 hours under sterile culture. A549 and H520 cells in the logarithmic growth phase were seeded into a six-well plate and transfected in strict accordance with the Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) instructions when the cell density reached 30-50%. Cell transfection was conducted with negative control (NC) plasmid (universal negative control small interfering RNA [siRNA] purchased from Bioneer, Daejeon, Korea), RAD51AP1 vector (RAD51AP1 overexpression plasmid with the sequence of 5 0 -GGAATTGAAACCGCCGCTGAA-3 0 ), or short hairpin (sh)-RAD51AP1 (shRNA targeting RAD51AP1 with the sequence of CCUCAUAUCUCUAAUUGCAUU). Cells without any transfection were regarded as a blank control. The aforementioned plasmids were purchased from Shanghai GenePharma Co. Ltd. (Shanghai, China). The cells were subjected to culture with 5% CO 2 at 37 C for 6-8 hours, followed by another culture for 24-48 hours with complete medium, then by subsequent experiments.
RNA isolation and quantification
With the help of a Trizol extraction kit (RP2401, Beijing BioTeke Corporation, Beijing, China), the total RNA was extracted from the NSCLC tissues, adjacent normal lung tissues, human lung adenocarcinoma cell lines (A549, GLC82, SW1573, PG49), human lung squamous cell carcinoma (H520, MES-1, LTEP-s), and transfected A549 and H520 cells. The primer sequences (Table 2) were designed using Premier 5.0 software, and synthesized by Invitrogen Inc. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal reference. The extracted RNA was reverse transcribed into complementary DNA (cDNA) in strict accordance with the instructions of the Prime Script RT Kit (RR036A, Takara Biotechnology Co., Ltd. Dalian, China). The relevant primers were subjected to amplification and detection using the LightCycler 480 II real-time PCR instrument (480II, Roche Molecular Diagnostics Inc., South Branchburg, NJ, USA) according to the instructions of the SYBR Premix Ex TaqII kit (RR820A, Takara Biotechnology Co., Ltd.). Using 2 μg total RNA as a template, the transcription level of the target genes normalized to GAPDH was calculated on the basis of relative quantification (2 -44Ct method).
Western blot analysis
The total protein was extracted from human lung adenocarcinoma cell lines (A549, GLC82, SW1573, PG49), human lung squamous cell carcinoma (H520, MES-1, LTEP-s), and transfected A549 and H520 cells using a RIPA Kit (R0010, Beijing Solarbio Science & Technology Co. Ltd., Beijing, China). Subsequently, the protein was separated by performing polyacrylamide gel electrophoresis, and was then transferred onto a nitrocellulose membrane by wet transfer method. The membrane was then blocked using 5% bovine serum albumin at room temperature for one hour, and then incubated with the following diluted primary antibodies: rabbit polyclonal antibody to RAD51AP1 (1:1000, ab101321), E-cadherin (1:500, ab15148), occludin (1:1000, ab168986), CK (1:1000, ab9377), N-cadherin (1: 200, ab18203), vimentin (1:1000, ab137321), fibronectin (1:500, ab2413), MMP-2 (1:2000, ab37150), OPN (1:1000, ab8448), and CD62 (1:300, ab18981) (all from Abcam), and 2,4,4-trimethyl-2-pentene (TMP-2) (1:500, YJ70002149, Shanghai Yiji Industrial Co., Ltd., Shanghai, China) at 4 C overnight. The following day, the membrane was incubated with horseradish peroxidase-labeled rabbit anti-human IgG (1:5000, F020218, Beijing Biolab Science and Technology Co., Ltd., Beijing, China), followed by reaction with enhanced chemiluminescence solution (ECL808-25, Biomiga, San Diego, CA, USA), and then developed using a chemiluminescence detection system (ChemiDoc MP, Bio-Rad, Hercules, CA, USA). Using GAPDH (1:1000, ab8245, Abcam) as an internal reference, the relative expression of proteins was calculated as the ratio of gray values of target bands to that of internal reference.
Scratch test
After 48 hours of transfection, the A549 or H520 cell suspension was seeded into a six-well plate at a cell density of 1 × 10 5 cells/well. A sterile 200 μL tip head was used to horizontally and vertically draw four marks on the bottom of each well of equal strength. After removal of the original culture medium, 2 mL of serum-free solution was added to each well and incubated. The observations were photographed under an inverted microscope at 0 and 24 hours after scratching. Five visual fields in each sample were then randomly selected to count the cells. The width of multiple scratch points was measured. The scratch healing rate was calculated by: ([scratch width at 0 hour -scratch width at 24 hour]/scratch width at 0 hour × 100%).
Transwell assay
After 48 hours of transfection, the A549 and H520 cells in each group were resuspended with the cell density adjusted to 1 × 10 5 cells/mL. Subsequently, 200 μL of cell suspension was added to the apical chamber of the Transwell chamber paved with Matrigel gel (356234, Shanghai Shanran Biotechnology Co., Ltd., Shanghai, China) (1:8). A total of 600 μL of the RPMI 1640 medium containing 20% fetal bovine serum was added to the basolateral chamber. After routine incubation for 24 hours, the cells were fixed using 4% paraformaldehyde for 15 minutes and stained with 0.5% crystal violet solution prepared with methanol for 15 minutes. Five visual fields were then randomly selected and the cells were photographed under an inverted microscope (Axio Observer A1, Carl Zeiss AG, Oberkochen, Germany). The number of cells invading a chamber was counted. All investigations involved three duplicated wells, and each experiment was conducted in triplicate to obtain average values.
Hoechst 33342/propidium iodide double staining
The cell suspension was seeded into a 25 cm 2 cell culture flask at a density of 1-2 × 10 4 cells/mL, followed by the addition of 1 mL phosphate buffered saline (PBS) cell suspension + 10 μL Hoechst33342 (25 mg of Hoechst 33342 + 25 mL PBS was combined to prepare 10 μg/mL working concentration according to different volume requirements) (R0402, Shanghai Shifeng Biotechnology Co., Ltd., Shanghai, China). Cells were then incubated in a 37 C incubator for 15 minutes, after which 30 μL of PBS cell suspension +10 μL 50 μmol/L propidium iodide (PI) was added (5 mg PI + l rnL PBS was used to prepare 5 × 10 3 g/mL PI stock solution, followed by preparation of 50 μg/mL working concentration according to different volume requirements) (R0402, Shanghai Shifeng Biotechnology Co., Ltd.). The morphological characteristics of the nucleus were observed under a fluorescence microscope (Axio Observer A1, Carl Zeiss AG) at an excitation wavelength of 380 nm and an absorption wavelength of 420 nm.
Cell-counting kit 8
After transfection for 24 hours, the cells were prepared into a single cell suspension. After counting, the single cell suspension was seeded into a 96-well plate at a density of 3 × 10 Aldrich, San Francisco, CA, USA) was added into each well for another two hour culture procedure. The OD values at 450 nm were measured using an enzyme-linked immunosorbent assay reader (ELx800, BioTek, Winooski, VT, USA). The cell viability curve was drawn with the time points as the abscissa and the OD values as the ordinate.
Cell colony formation assay
The A549 and H520 cell lines were prepared into a cell suspension and counted. The A549 and H520 cell lines in each group were seeded into a six-well plate (9.6 cm 2 ) at a density of 500 cells/well. Subsequently, 4 mL of cell culture medium was added to the cell lines at 37 C, and cultured in a 37 C incubator. The culture was terminated upon observation of the colony. Cells were fixed using 5 mL of 4% paraformaldehyde for 15 minutes and then stained with GIMSA dye solution for 10-30 minutes. The cell clone formation rate was calculated by: (the number of cloned cells/the number of seeded cells) × 100%.
Xenograft tumor in nude mice
The A549 and H520 cell lines (Clone 9) consistently expressing luciferase were prepared into a single cell suspension and resuspended in a mixture of PBS and Matrigel 
Statistical analysis
Statistical analysis was performed using SPSS version 19.0. Count data were presented as percentages and the measurement data were expressed as mean AE standard deviation. Comparison of the count data between two groups was performed by chi-square test, and the comparison of measurement data was performed by t test. Comparison of measurement data among multiple groups was assessed by one-way analysis of variance (ANOVA) and data at different time points were analyzed by repeated measures ANOVA. P < 0.05 indicated that the differences were statistically significant.
Results
Highly expressed RAD51AP1 is found in non-small cell lung cancer (NSCLC)
Initially, DEGs were screened from microarray data of NSCLC in the GEO database. According to the screening threshold of |log2FC| > 2.0 and adj.p.al < 0.05, 634, 961, 959, and 2177 DEGs were screened from the GSE19188, GSE101929, GSE33532, and GSE74706 datasets, respectively. The top 400 genes of each dataset were then compared, after which a Venn diagram was drawn (Fig 1a) , which revealed the presence of 74 intersected genes. The PPI network of the NSCLC-associated DEGs was constructed on the basis of existing information of gene interaction provided by the String database. As shown in Figure 1b , the DEGs associated with other genes in this network were AURKA, UBE2C, CEP55, KIAA0101, ZWINT, DLGAP5, MELK, RAD51AP1, and UBE2T (degree > 5). We speculated that these nine genes might play an important role in NSCLC. In order to further explore the relationship between DEGs and NSCLC, Chilibot was employed to construct the relationship network between these nine DEGs and NSCLC (Fig 1c) . The remaining eight genes, except RAD51AP1, were observed to be directly or indirectly associated with NSCLC, suggesting that RAD51AP1 has been poorly studied in NSCLC. The heat maps of the top 100 DEGs in GSE19188 and GSE101929 datasets are shown in Figure 1d ,e, respectively, suggesting that the RAD51AP1 gene was highly expressed in NSCLC. The GSE33532 and GSE74706 microarray datasets (Fig 1f,g ) showed higher expression of RAD51AP1 in NSCLC tumor tissues than that in adjacent normal lung tissues. Therefore, RAD51AP1 was selected for subsequent experiments.
Positive expression rate of RAD51AP1 protein is elevated in NSCLC tissues
To further evaluate the expression of RAD51AP1 in NSCLC, immunohistochemistry (IHC) was adopted to measure the positive expression rate of the RAD51AP1 protein among the 91 cases of NSCLC tissues and adjacent normal lung tissues. As depicted in Figure 2 , RAD51AP1 protein expression was observed in both the NSCLC tissues and adjacent normal lung tissues. Positive cells were reflected by the presence of yellow particles in the nucleus. Among the NSCLC tissue samples (n = 91), 57 cases (63%) EDNRB  JAM2  SPOCK2  ARHGEF26  WFS1  EML1  CASKIN2  PTPRB  ROBO4  FGD5  FAM189A2  ACVRL1  PCAT19  GPM6B  ADRB2  TGFBR3  SASH1  CDH5  EMP2  CTNNAL1  FMO2  SDPR  FHL1  FCN3  AGER  TMEM100  FAM107A  RAMP3  SULF1  CTHRC1  CAV1  PRDX4  SPAG4  PCAT6  SLC12A8  COL10A1  COL11A1  RAD51AP1  C11orf80  RP11-196G18.24  GREM1  SPP1  KIF26B  FHL5  ADAMTSL3  PTPN21  ADAMTS9-AS2  FAT3  FGFR4  GRIA1  EFCC1  LOC101928612  NTNG1  PRX  TNNC1  MYZAP  LRRN3  SCN7A  LINC00968  TCF21  IGSF10  SOSTDC1  CA4  SLC6A4  ERG  DENND2A  GRK5  TEK  NPR1  HSPA12B  RBMS3  ARHGAP31  HROOM4  AX748273  ACKR4  RP1-78O14.1  CLIC5  FAM46B  KL  KANK3  GPR146  GDF10  LIMS2  NCKAP5  ADAMTS8  CCBE1  SERTM1  RXFP1  SGCG  ADRB1  ANGPTL1  T BX2  LINC00472  PLAC9  TCEAL2  STXBP6  STARD9  GPM6A  RNF182  GSM2718949  GSM2718950  GSM2718951  GSM2718953  GSM2718956  GSM2718958  GSM2718960  GSM2718961  GSM2718962  GSM2718964  GSM2718966  GSM2718968  GSM2718969  GSM2718972  GSM2718974  GSM2718976  GSM2718978  GSM2718980  GSM2718982  GSM2718984  GSM2718986  GSM2718988  GSM2718990  GSM2718992  GSM2718993  GSM2718995  GSM2718997  GSM2718999  GSM2719001  GSM2719003  GSM2719005  GSM2719008  GSM2719010  GSM2719012  GSM2718952  GSM2718954  GSM2718955  GSM2718957  GSM2718959  GSM2718963  GSM2718965  GSM2718967  GSM2718970  GSM2718971  GSM2718973  GSM2718975  GSM2718977  GSM2718979  GSM2718981  GSM2718983  GSM2718985  GSM2718987  GSM2718989  GSM2718991  GSM2718994  GSM2718996  GSM2718998  GSM2719000  GSM2719002  GSM2719004  GSM2719006  GSM2719007  GSM2719009  GSM2719011  GSM2719013 GINS1  NUF2  UBE2T  TOP2A  KIF4A  CCNB1  MELK  PRC1  UHRF1  TPX2  UBE2C  PAFAH1B3  MIF  NME1  RAD51AP1  CDCA3  KIF2C  HJURP  BIRC5  CKS1B  NEK2  CDCA8  MKI67  AURKA  FCN3  TMEM100  CLDN18  AGER  TNNC1  CYP4B1  GKN2  MAMDC2  CAV1  TGFBR3  ADAMTS8  RAMP3  CD36  VEPH1  KCNJ15  GLDN  STX1 1  DPEP2  FGR  COL6A6  AOC3  CDH5  SCN7A  RAI2  EMP2  PCAT19  AX748273  S1PR1  CLIC5  PTPRB  RGCC  2-Mar  SYNE1  SASH1  ACVRL1  ROBO4  ESAM  ECSCR  HIGD1B  GPR146  JAM2  ITIH5  ADRB2  ACADL  GPM6A  IGSF10  LRRC36  SLC46A2  FABP4  FAM150B  FAM107A  CA4  HSD17B6  ANKRD29  INMT  CHRDL1  ADH1B  SDPR  EDNRB  EMCN  NOSTRIN  FAM189A2  MYZAP  TCF21  FOXF1  MCEMP1  PLA2G1B  SFTA1P  SUSD2  ABCA3  CACNA2D2  ZNF385B  LRRK2  PEBP4  SM475657  SM475658  SM475659  SM475660  SM475663  SM475665  SM475666  SM475667  SM475669  SM475671  SM475673  SM475675  SM475678  SM475680  SM475682  SM475684  SM475686  SM475688  SM475690  SM475693  SM475695  SM475697  SM475699  SM475702  SM475704  SM475705  SM475707  SM475711  SM475714  SM475716  SM475718  SM475721  SM475723  SM475725  SM475726  SM475729  SM475732  SM475734  SM475736  SM475738  SM475740  SM475742  SM475743  SM475745  SM475746  SM475749  SM475750  SM475752  SM475754  SM475755  SM475757  SM475764  SM475766  SM475767  SM475771  SM475775  SM475781  SM475783  SM475786  SM475790  SM475798  SM475800  SM475807  SM475809  SM475811  SM475656  SM475661  SM475662  SM475664  SM475668  SM475670  SM475672  SM475674  SM475676  SM475677  SM475679  SM475681  SM475683  SM475685  SM475687  SM475689  SM475691  SM475692  SM475694  SM475696  SM475698  SM475700  SM475701  SM475703  SM475706  SM475708  SM475709  SM475710  SM475712  SM475713  SM475715  SM475717  SM475719  SM475720  SM475722  SM475724  SM475727  SM475728  SM475730  SM475731  SM475733  SM475735  SM475737  SM475739  SM475741  SM475744  SM475747  SM475748  SM475751  SM475753  SM475756  SM475758  SM475759  SM475760  SM475761  SM475762  SM475763  SM475765  SM475768  SM475769  SM475770  SM475772  SM475773  SM475774  SM475776  SM475777  SM475778  SM475779  SM475780  SM475782  SM475784  SM475785  SM475787  SM475788  SM475789  SM475791  SM475792  SM475793  SM475794  SM475795  SM475796  SM475797  SM475799  SM475801  SM475802  SM475803  SM475804  SM475805  SM475806  SM475808 showed a high positive expression rate of RAD51AP1 protein (≥ 8 points), while 34 cases (37%) among the adjacent normal lung tissues (n = 91) exhibited a high positive expression rate of RAD51AP1 protein. These findings demonstrate that the proportion of positive RAD51AP1 protein expression in NSCLC tissues was significantly higher than in adjacent normal lung tissues (P < 0.05). Subsequently, the clinical data of the 91 NSCLC patients enrolled in the study were analyzed, with further evaluation of the relationship between the clinical parameters of these patients and the expression of RAD51AP1 protein.
No direct correlation was observed among the expression of RAD51AP1 and parameters such as patient age, gender, pathological types, and other parameters (P > 0.05). Compared to patients at stage I-II, the positive expression rate of RAD51AP1 protein was markedly enhanced in patients at stage III. The positive expression rate of RAD51AP1 protein in the tissues of patients with low differentiation was significantly higher than that observed in the tissues of patients with moderate and high differentiation (Table 3) . Conjointly, these data support the conclusion that RAD51AP1 is expressed at a high level in NSCLC.
RAD51AP1 is expressed at a high level, and epithelial-mesenchymal transition (EMT) is induced in NSCLC
The aforementioned findings revealed an increased expression rate of the RAD51AP1 protein in NSCLC, with subsequent detection of messenger RNA (mRNA) and protein expression of RAD51AP1, EMT, and metastasis-related genes in NSCLC. As illustrated in Figure 3 , compared to adjacent normal lung tissues, the mRNA and protein expression of RAD51AP1, N-cadherin, vimentin, fibronectin (interstitial cell marker protein), MMP-2, OPN, CD62, and TMP-2 (factors promoting tumor cell metastasis) was higher (P < 0.05), while that of E-cadherin, occludin, and CK was lower (P < 0.05) in NSCLC tissues. From these findings, it can be concluded that RAD51AP1 is highly expressed, which facilitates EMT in NSCLC. Adjacent tissues NSCLC tissues-L NSCLC tissues-H Figure 2 The positive expression rate of RAD51AP1 protein is increased in non-small cell lung cancer (NSCLC) tissues. RAD51AP1 protein in adjacent normal lung tissues was stained as weakly positive by immunohistochemistry (IHC) (×400; Normal: IHC score: 1), RAD51AP1 protein in NSCLC tissues was stained as weakly positive (×400; Tumor-Low: IHC score: 2) and strong positive (×400; Tumor-High: IHC score: 12) by IHC. 
RAD51AP1 is highly expressed in A549 and H520 cell lines
RT-qPCR and Western blot analysis were conducted to detect the mRNA and protein expression of RAD51AP1 in lung adenocarcinoma (A549, GLC82, SW1573, and PG49) and lung squamous cell carcinoma (H520, MES-1, and LTEP-s) cell lines. As shown in Figure 4 , the mRNA and protein expression of RAD51AP1 was significantly higher in the A549 and H520 cell lines compared to the other cell lines. Therefore, the A549 and H520 cell lines were selected for subsequent experiments.
RAD51AP1 silencing suppresses EMT in NSCLC cells
Previous results presented with upregulated RAD51AP1 and promoted EMT in NSCLC tissues, which initiated an investigation of the function of RAD51AP1 gene-mediating EMT in NSCLC cells. RT-qPCR and Western blot analysis results showed that the mRNA and protein expression of RAD51AP1, N-cadherin, vimentin, and fibronectin was increased (P < 0.05), while that of E-cadherin, occludin, and CK was decreased in A549 and H520 cell lines upon overexpression of RAD51AP1 (P < 0.05); these changes were contradictory in A549 and H520 cell lines after RAD51AP1 silencing mediated by sh-RAD51AP1 (P < 0.05) (Fig 5) . These results demonstrate that downregulation of RAD51AP1 represses EMT in NSCLC cells.
RAD51AP1 silencing prevents the metastasis of NSCLC cells
Subsequently, the effects of RAD51AP1 on NSCLC metastasis were investigated. The results of RT-qPCR and Western blot analysis exhibited elevated mRNA and protein expression of MMP-2, OPN, CD62, and TMP-2 in A549 and H520 cell lines in response to RAD51AP1 overexpression (P < 0.05), whereas reduced expression was observed in A549 and H520 cell lines after sh-RAD51AP1 transfection (P < 0.05) (Fig 6) . Thus, RAD51AP1 silencing suppresses the metastasis of NSCLC cells.
RAD51AP1 silencing inhibits cell migration, invasion, and proliferation yet induces apoptosis in NSCLC
Considering the regulation of RAD51AP1 in EMT markers and metastasis-related genes, the study focal point shifted to the potential effects of RAD51AP1 on A549 and H520 cellular behavior with RAD51AP1 overexpressed or silenced in A549 and H520 cells. The results of scratch testing and Transwell assay revealed stimulated cell migration and invasion after RAD51AP1 overexpression (P < 0.05), but repressed cell migration and invasion after sh-RAD51AP1 treatment (P < 0.05) (Fig 7) . As shown in Figure 8 , the number of apoptotic and necrotic cells significantly reduced after RAD51AP1 overexpression (P < 0.01), whereas the numbers increased after sh-RAD51AP1 treatment (P < 0.01). The viability of cells was observed at 24, 48, and 72 hours. CCK-8 results exhibited no significant difference in cell viability among the groups at zero hours (P > 0.05) (Fig 9a) . In comparison to the viability of cells at zero hours, significant increases were evident in cell viability at 24, 48 and 72 hours (all P < 0.05). The cell viability was remarkably elevated after RAD51AP1 overexpression (P < 0.05), while it was reduced after sh-RAD51AP1 treatment (P < 0.05). The results of cell colony formation assay (Fig 9b,c) illustrated an enhanced clone formation rate after RAD51AP1 overexpression (P < 0.05), and a decreased formation rate after sh-RAD51AP1 treatment (P < 0.05). The changes in the behavior of A549 cells were all consistent with those in H520 cells. These results support the conclusion that downregulation of RAD51AP1 has an inhibitory effect on the proliferation, migration, and invasion of NSCLC cells and a simulative effect on cell apoptosis.
RAD51AP1 silencing inhibits tumor growth in vivo
Finally, xenograft tumors in nude mice were applied to determine the effects of RAD51AP1 on tumor growth. The results showed increased tumor weight and volume in nude mice after RAD51AP1 overexpression (P < 0.05), while a reduction was observed after RAD51AP1 silencing (P < 0.05) (Fig 10) . The results suggest that silencing of RAD51AP1 could reduce tumor formation and growth in vivo.
Discussion
NSCLC represents one of the major causes of cancerassociated mortality around the world. 19 Failure to treat advanced NSCLC has been ascribed to distant metastasis, which is strongly associated with prognosis in NSCLC. 20 Epithelial cell markers (such as E-cadherin) are lost and typical mesenchymal markers appear in the process of EMT, which is associated with poor survival in NSCLC. 21 Thus, our study aimed to investigate the potential role of the RAD51AP1 gene in the EMT and metastasis of NSCLC. Collectively, the findings from this study demonstrate that downregulated RAD51AP1 prevents the development of NSCLC by attenuating EMT and metastasis in NSCLC cells.
The initial finding of this study revealed high expression of RAD51AP1 in NSCLC tissues. Previous research has reported elevated RAD51AP1 expression in lung cancer. 9 Furthermore, recent evidence has demonstrated the correlation of high RAD51AP1 expression with poor survival in lung adenocarcinoma. 10 RAD51B overexpression has been observed in male NSCLC patients with squamous cell carcinoma, EGFR mutation, and no KRAS mutation. 22 Our findings are consistent with these results, speculating the involvement of RAD51AP1 in NSCLC. Additionally, our findings demonstrate that downregulation of RAD51AP1 could reduce EMT of NSCLC as a result of the lower expression of various mesenchymal markers (N-cadherin, vimentin, fibronectin) and elevated expression of various epithelial markers (E-cadherin, occludin, CK). A previous report clarified and documented the observation of a loss of E-cadherin and gain of vimentin and fibronectin during EMT. 23 Vimentin and E-cadherin play key roles in EMT, for instance, downregulation of E-cadherin subsequently leads to deprived epithelial morphology and an acquired aggressive mesenchymal phenotype. 24 Existing literature supports the involvement of upregulated vimentin in cell migration and tissue invasion, as well as poor survival in resected NSCLC patients. 25 Evidence has been presented of the regulation of various epithelial markers (E-cadherin, occludin, and CK18) and mesenchymal markers (such as N-cadherin) by MUC4, which promotes invasion and metastasis in pancreatic cancer. 26 Moreover, a reduction in the expression of SIM2s leads to deprived homologous recombination efficiency by disrupting RAD51 recruitment, thus ultimately resulting in genomic instability and EMT induction. 27 Downregulated AXL has been documented to repress RAD51 (a protein closely related to homologous recombination) and EMT in NSCLC. Collectively, the obtained evidence supports the theory that RAD51AP1 silencing inhibits EMT of NSCLC. Another significant finding of our study showed that RAD51AP1 silencing treatment resulted in a significant decline in NSCLC cell metastasis, which was indicated upon observation of the decreased expression of metastasis-related factors (MMP-2, OPN, CD62, and TMP-2) after the knockdown of RAD51AP1. The association between OPN (a secret phosphorylated glycoprotein) and MMPs has been highlighted with tumor metastasis in NSCLC. 29 Downregulation of CDDC6 facilitates low expression of RAD51 and is strongly related to the production of lymph node metastasis in NSCLC. 30 Additionally, our findings demonstrate that downregulation of RAD51AP1 can reduce proliferation, invasion, and migration, but also stimulates the apoptosis of NSCLC cells. RAD51 has been documented to be of key importance in poor survival of NSCLC patients and inhibition of NSCLC cell apoptosis.
31 RAD51 is also highly expressed in NSCLC and could suppress tumor cell apoptosis. 32 On the basis of the aforementioned evidence, it can be concluded that RAD51AP1 silencing can reduce metastasis, proliferation, invasion, and migration, but induce apoptosis of NSCLC cells.
In conclusion, evidence obtained from this study shows that downregulation of RAD51AP1 can potentially suppress the metastasis and EMT of NSCLC cells. These results suggest that further understanding of the molecular mechanism underlying NSCLC may have promising clinical implications for treatment. However, further study with a larger sample is warranted in order to acquire comparatively higher accuracy of results. Additionally, a more comprehensive study should be conducted in order to obtain more details related to the mechanism of EMT and metastasis in NSCLC.
